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RESEARCH MEMORANDUM 


THEORETICAL ANALYSES TO DETERMINE UNBALANCED 
TRAILING-EDGE CONTROLS HAVING MINIMUM 
HINGE MOMENTS DUE TO DEFLECTION 
AT SUPERSONIC SPEEDS 
By Kennith L. Goin 


SUMMARY 


Analyses "based on theoretical results of NACA Report 10 4l have 
been made to determine the plan forms of imbalanced trailing-edge 
flap-type controls having minimum hinge moments due to deflection 
and requiring minimum work to overcome the hinge moments due to 
deflection at supersonic speeds. Ratios of lift and rolling moment 
to hinge moment and ratios of lift and rolling moment to deflection 
work at fixed values of lift and rolling effectiveness were used as 
bases for the analyses. 

Results of the analyses for longitudinal controls show high- 
aspect-ratio untapered controls to possess maximum ratios of lift L 
to hinge moment H. When low-aspect-ratio controls must be used, 
however, controls with triangular plan forms and highly swept hinge 
lines are shown to have higher values of l/h than untapered controls. 
Ratios of lift to deflection work for untapered controls are in most 
cases shown to be higher than those for -controls with tapered plan 
forms . 

On wings with sweptforward and unswept trailing edges, inversely 
tapered controls with triangular plan forms of moderate or low aspect 
ratio are shown to have maximum ratios of rolling moment L' to hinge 
moment H. On wings with sweptback trailing edges, maximum values of 
L'/lI are shown for either untapered or normally tapered controls. 
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For any given control shape , the analysis illustrates the importance 
of using small controls with high deflections to obtain large values 
of L'/H. 

Maximum ratios of rolling moment to deflection work on wings with 
sweptforward trailing edges are in most cases obtained, with, inversely 
tapered controls with triangular plan forms. ; On wings, with unsvept 
and sweptback trailing edges, the deflection work required is* near 
minimum for untapered controls with spans of, about two- thirds of the 
wing semispan. Results indicate that large controls will in most 
cases have higher ratios of rolling moment to deflection work than 
smaller controls. ^ *■ 


INTRODUCTION 


The control forces on aircraft operating at supersonic speeds 
are so high that very substantial power boost systems are usually 
required to handle the hinge moments. As an . approach _to a solution 
to the problem of reducing the Size and work requirements of boost 
systems for such aircraft, theoretical analyses have been made of 
the hinge moments due to deflection of unbalanced trailing-edge flap- 
type controls with plan forms varying throughout the range in which 
the control leading and trailing edges are supersonic and the control 
tips are streamwise. Aeroelastic effects were not included and the 
analyses, which are based on equations and charts fronT reference 1, 
are subject to the limitations of linearized theory. 

In making the analyses, values of lift and rolling moment coeffi- 
cients and parameters indicative of ratios of lift and rolling moment 
to hinge moment (Fp and Fj) were calculated for a range of control 
plan forms on wings having various trailing edge sweep angles, (Trailing 
edge sweep angle was the only wing plan form parameterjwhich had to, be. 
specified because the loading over the portion of a wing ahead of a 
control is not influenced by control deflection at supersonic speeds . ) 
From these calculations, families of controls having fixed amounts of- 
effectiveness were determined and the corresponding parameters, Fp* 

and Fj, were plotted as functions of the various control plan-form 
parameters. From the resulting charts, the plan forms of controls pro- 
ducing fixed amounts of lift and rolling moment with minimum hinge 
moments due to deflection were determined. Similar analyses were also 
made to determine the plan forms of controls requiring minimum amounts 






NACA EM L51F.19 


3 


of work to overcome the hinge moments due to deflection. (The analyses 
for deflection work are similar to analyses carried out by Jones and 
Cohen for the incompressible case and presented in ref. 2.) The hinge 
moment analyses will be applicable in cases where the strength of the 
actuating mechanism or the amount of torque available at the control 
are the design criteria. The work analyses will be applicable when the 
design criteria are the energy which must be carried for operating the 
boost system or the energy which the pilot must exert in event of boost 
failure. 

Hinge moments due to angle of attack, damping in pitch and rolling 
depend on wing plan form and to varying degrees on complete aircraft con- 
figuration and have not been included in the present analyses because the 
calculations involved would have been exorbitant. The following comments 
regarding these neglected hinge moments should therefore be kept in mind 
in applying results of the analyses: Hinge moments due to angle of attack 

and damping in pitch are of primary importance with regard to longitu- 
dinal controls because hinge moments of such controls are equal to the 
algebraic summation of these hinge moments and hinge moments due to 
deflection. Consequently, complete analyses for longitudinal controls 
would require, in addition to the analyses of the present paper, similar 
analyses in which hinge moments due to angle of attack and damping in 
pitch are considered. With regard to the combined hinge moments of dif- 
ferentially deflected lateral controls, hinge moments due to angle of 
attack and damping in pitch are of no significance because the effects 
on opposite ailerons cancel. It is possible, however, that in some cases, 
the hinge moments of the individual ailerons will be of more importance 
than their combined hinge moments; for instance, when the ailerons are 
not interconnected but are actuated independently. In such cases, hinge 
moments due to angle of attack and damping in pitch would have to be con- 
sidered. Hinge moments due to rolling are of primary importance with 
regard to lateral controls because in most cases they tend to reduce the 
hinge moments due to deflection of ailerons on both wing panels. It is 
estimated for the unbalanced trailing-edge-flap type of controls con- 
sidered in the present paper that hinge moments due to rolling in the most 
critical cases are not likely to reduce hinge moments due to deflection 
by more than 15 or 20 percent. Hinge moments of this order are certainly 
of importance with regard to the actuation of controls but are probably 
of minor importance with regard to the selection of low hinge-moment 
controls. The hinge moments of longitudinal controls due to rolling 
are probably of less significance because the controls are usually 
located considerably nearer the axis of symmetry than lateral controls 
and consequently in regions where the induced angles of attack due to 
rolling are smaller. 
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SYMBOLS 


M free-stream Mach number 

p = \Ik 2 - 1 


q 

A 


A 


HL 


A, 


TE 


Si 


free-stream dynamic pressure 

angle of sweep of wing leading edge, positive when sweptback 

angle of sweep of control hinge line, positive when sweptback 

angle of sweep of wing trailing edge, positive when sweptback 

angle of control -surface deflect iomneasured-in streamwise 
direction, degrees 

maximum value of S . 


a 


tan a HL 

P 


b wing span 

A wing aspect ratio 

X wing taper ratio 

S wing area 

Tf distance from wing-root chord to inboard parting line of 

control _. 

b^ control span ' r 

c^. tip chord of control ... _ 

c r root chord of control 

Xf control- surface taper ratio ^c^./c r ^ 

S^. area of control surface 

A f aspect ratio of control surface fb f 2 / S f ^ 


-SQISIBEBSm 
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M a 

L 

L' 

H 

H (p) 

W 


area moment of control about hinge axis 
lift induced by control deflection 

moment about wing-root chord induced by control deflection 
hinge moment due to control deflection 
hinge moment due to rolling 

work required to overcome hinge moments due to control deflec- 
tion (deflection work) 


f t = 0b cos Ahl £ = -li- £ 
L EL h 57.3 2 W 

L ' ® 

- 0 cos a HL "g" = 


! j3b L 
2 W 

i_ p r/_ 

57.3 2 w 


c T -i 

L qS 


n __ 

qbS 


C h = 

P 

V 


Pb 

2V 


H 


2M a q 


rolling rate (radians/sec) 
velocity (feet/sec) 

wing-tip helix angle 


dC- 


P ^ 

°2V 


Subscript: 


denotes partial derivative of force and moment coefficients 
with respect to 5 


1 ljHiiM'TTfrh — v 
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ANALYSIS 

General 


The regions in which loading is influenced by the deflection of 
trailing-edge controls at supersonic speeds are limited to the surfaces 
of the deflected controls and to portions of the wings adjacent to the 
controls and lying within the Mach. cones from the control tips (fig. 1). 
Within the scope of the present paper, the loadings induced by deflected 
controls are unaffected by' wing' plan form} and the wing traiiing-edge 
sweep angle which defines the regions of induced loading on the wing is, 
therefore, the only wing parameter necessary for determining the charac- 
teristics of trailing-edge controls. It was convenient to choose various 
tan Amo 

values of — — and for each of these values to vary systematically 

control plan form and location. The analyses, with fixed Mach numbers 
assumed, then correspond to examinations of the effects of control plan 
form and location on the characteristics of,' control surfaces on wings " - ' 
having various trailing-edge sweep angles, . 17 ! ” 

All calculations were made for controls located on left wing panels 
so that positive (downward) control deflections would result in positive 
rolling moments as well as positive lift. Since posi-y.ve control defied- , 
tions in all cases result in negative hinge moments, the ratios of lift 
to hinge moment and rolling moment to hinge moment are negative and the 
functions of these ratios, Fl and Fj, presented in the charts, are 
also negative. These ratios and functions are discussed throughout the 
report in terms of absolute magnitude} that is, the most negative values 
are referred to as maximum. 

The parameters used as bases for comparison in the analyses for 
determining maximum ratios of lift and rolling moment to hinge moment were 

F l = (3b cos and Fj = (3 cos Ap-r^-g-^ . The P and cos terms 

were Included in the parameters Fl and F 1 in order to avoid con- 
sidering Mach number as an Independent variable in the calculations. 

When these parameters are used, Mach number enters the .'calculations only 

tan Apr tan Amnj 

as part of the plan-form parameters ^ ^ , and BA f (for 

untapered plan forms)} consequently, for any“given control plan form, 

tan Aht. tan Arng 

variations in Mach number correspond to variations in L- — ^ ^ , ■ 

and/or PA^. A linear dimension was needed to make the" parameter F L 
nondimensional and the b term was included In Fl f§f this purpose. 
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In using the parameters F^ and F^ as "bases for comparison in 

determining the plan forms and locations of controls having maximum 
ratios of lift and rolling moment to hinge moment, the effects of the 
cos Ajjl term in the parameters F^ and F^ must "be considered. 

Because of the cos A^ term, it is possible that values of F^ (for 
instance) for one value of Ajjl may be higher than values for some 
higher absolute value of Ajjl, whereas the value of L/H for the lower 
value of A^ is less. This can be illustrated as follows: 


ih) . (1) 

W 2 (Pb cos A^F^Wl 

(The subscript 1 refers to conditions corresponding to some arbitrary 
value of Agk and subscript 2 refers to some other arbitrary value 

of Ajjl) . In order to make proper comparisons of various control plan 

forms, it Is necessary to assume a fixed Mach number and a fixed wing 
plan form. In such cases values of 3 and b will be constant and 
equation (l) reduces to: 



cos AH^FLg , L > 
cos ^BL2 F L 1 Wi 


(la) 


It can be seen that although Fx^ may be less than Fj^, it is possible, 
depending on the ratios of the functions and the cos Ajj^ terms, for 


to be greater than 




used in defining control plan form in the present paper is 


Since the hinge line sweep parameter 

tan Ajjl 


a = 


it is convenient for future reference to rewrite equation (la) in terms 
of a: 



V 


II + P 2 ag 2 
1 + 3 2 ai 2 


(lb) 


The parameters F^ and Fj are also convenient for use in the 
analyses of controls on the basis of minimum deflection work. This can 
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be shown as follows: 


W = 


'Si 


f as 


(2) 


where 

F 

s 


2M, 


q.6Ch§ 


H 

force on control, — ■= 

x 


deflection of point on control at which center of loading 
5?S 


lies. 


57.3 cos 


x distance from hinge axis to center of loading on control, 

measured normal to hinge axis 

and subscript 1 denotes maximum displacement. 

Rewriting equation (2) 


W = 


2M a qC h& pi 
57-3 COS Ajjl L 


5 as 


(2a) 


Integrating and reducing: 


W = 


5 1 E 1 


57-3 x 2 cos Ajjl 


(2b) 


Rearranging equation (2b) 


Hi = 


2 003 TJ 
61 

57.3 


(3) 


When the value of hinge moment Hp from equation (3) is substituted in 
equations F^ = f3b cos and F^ = p cos Aqj^j-j , the parameters F^ 


and F^, In terms of deflection work become: F L 


= 5 I gb L 
57.1 2 W 


and 
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Fj = ^ 2 IT - ' ^ rom these definitions it can he seen that in cases 

where comparisons are made of controls at equal deflec.tions/ maximum 
values of F^ and F^ will correspond to maximum values of L/w and 

L'/w, with 3 and b assumed to be fixed. When comparisons are made 
of controls at different deflections , however, this will not necessarily 
be true and the effects of the &-)_ term in F L and Fj will have to 
be taken into account. 


Longitudinal Controls 

In the analyses for longitudinal controls, controls located at t he 
inboard, midspan, and tip positions on the wings were included. Fig- 
ure 2 illustrates these positions together with the limiting Mach line 
locations for each position. As shown in figure 2 for tip controls 
considered in the present paper, the Mach lines from the control root 
chords did not cross either the wing root chords or the wing tips. For 
midspan controls, the Mach lines from the controls did not cross the 
wing root chords or the wing tips and the Mach lines from the control 
root chords did not cross the control tips. For inboard controls, the 
Mach lines from the control tips did not cross either the wing root or 
wing tip chords and the Mach lines from the control root chords did 
not cross the control tips. It will be noted that the present paper 
includes results for controls having root chords coincident with the 
wing root chords, whereas the data presented in reference 1 are limited 
to controls for which the innermost Mach lines do not cross the wing 
root chords. To obtain the characteristics of controls located adjacent 
to the wing root chords, reflection planes, which would be expected to 
approximate the effects of fuselages in practice, were assumed to be 
located at the wing root chords; loading parameters for the inboard 
conical flow regions of these controls were obtained from figure 7 of 
reference 1. 

In the analyses, a range of control shapes and sizes capable of 

producing a fixed lift-coefficient slope of = .0.0001 was determined 

A 

for each control position. Values of the parameter F^ were calculated 

for these controls and are presented in figure 3 as functions of the 
various control plan-form parameters. The sketches at the right of the 
charts illustrate the hinge line and- trailing-edge sweep angles corre- 
sponding to the various curves in the accompanying charts when 3 is 
equal to 1.0 (M = i/2") and are intended only as an aid in orienting the 
reader . 
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Although the value of the lift-coefficient slope used in the calcula- 


tions for the charts of 


/Cl b \ 

figure 3 I—— ^ = O.OOOlj is quite arbitrary, 


these 


charts have a wide range of application because for a given control shape 
and wing the value of C^g^A is directly proportional bo the square of 

the control span and the value of L/H is inversely proportional to the 
control span. By use of such proportions, the following equations for • 
extending the data of figure 3 to include other values of lift coeffi- 
cient slope are simply derived: 



The subscript 0 refers to conditions when = 0.0001 and sub- 

script 1 refers to similar conditions for other arbitrary values 
of C L5 /A. 


From equations (3) and (5), the equation for the ratio of lift to 
deflection work at values of Cpg/A other than 0.0001 becomes: 



No /( c w A ) o 

NiVn/a), 


( 6 ) 


Lateral Controls 

Limitations of analyses .- In order to obtain some indication of the 
limitations of the analyses for lateral controls, resulting from the 
neglect of hinge moments due to rolling motions, sample calculations 
have been made for the steady rolling condition in which the wing damping 
moment is equal in magnitude to the rolling moment induced by aileron 
deflection. 

Figure h presents theoretical ratios of hinge moment due to rolling 
to hinge moment due to aileron deflection, calculated by use of equations 
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from references 3 and 4, for 60 ° delta wings with aileron controls 
comprising various amounts of the wing tips. These conf igurations were 
chosen because the theoretical unit damping forces on such ailerons are 
unusually high (especially when the control spans are relatively small 
and the wing leading edges are subsonic) and hinge moments of such 
ailerons due to damping will therefore approach maximum values. For the 
configurations to be applicable in the present analysis (for unbalanced 
trailing-edge flap-type controls), it was necessary to assume the 
ailerons to be hinged about their leading edges, which coincide with 
the wing leading edges. Although these particular configurations are 
not of practical interest, they will probably give a reasonable indica- 
tion of the maximum hinge moments due to rolling which might be obtained. 

The data of figure 4 indicate that hinge moments due to rolling are 
quite sizeable and at first increase rapidly with control size. The 
rate of increase diminishes as the control size is increased, however, 
and the data appear to indicate that for extremely large controls, the 
ratio of hinge moment due to rolling to hinge moment due to deflection 
will approach a value equal to or slightly greater than 0.5. For con- 
trols comprising 10 to 15 percent of the wing area, which might be 
considered to be near the upper limit of the practical range for this 
type of control, it is shown that hinge moments due to rolling will 
cancel out about l/3 of the hinge moment due to deflection. Remembering 
that the data of figure 4 are for the steady -roll condition, this value 
of l/3 is probably a great deal higher than that which could be counted 
on in practice. Because of aircraft inertia, the rate of roll at the 
time the control reaches maximum deflection will be considerably less 
than the steady-roll rate. On the basis of time histories presented in 
references 5 and 6 a rate of l/2 the steady roll rate would seem to be 
more nearly of the right order, in which case the hinge moment due to 
rolling would balance out only about l/6 of the hinge moment due to 
deflection. It would thus appear that the analysis would not be seriously 
limited because of neglecting hinge moments due to rolling. Although 
comparisons of ratios of rolling moment to hinge moment due only to 
deflection might in some cases result in erroneous conclusions regarding 
the more desirable control, this will only happen when the ratios L'/h 
for the controls being compared are near equal. It should be remembered 
that the present analysis considers only unbalanced trailing-edge flap- 
type controls and that all -movable or balanced flap-type controls would 
require an entirely different analyses . 

Method of analysis .- In the analyses for lateral controls it was 
not possible to treat control size and control location in the general 
manner used for longitudinal controls j consequently, the analyses are 
considerably more detailed than were those for longitudinal controls. 

It would seem probable that controls located at the wing tips would 
in all cases have higher ratios of rolling moment to hinge moment and 
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rolling moment to deflection work because of _their greater distance from 
the roll axis. Lift and hinge moment vary with location, however, and 
it is therefore necessary to determine whether this is true. In order 
to do this, the effects of spanwise location on the values of F z have 

been calculated for a systematic range of control plan ‘forms, and results 
of these calculations are presented in figure 5 where Fj is plotted 
against 2y-f/b. The range of plan forms considered is indicated by the 
sketches at the right of the charts of figure 5 where the hinge line and 
trailing edge sweep angles are shown for (3 = 1.0 (M = {2 ) . The most 
inboard control locations for which results are presented in figure 5 
are such that the innermost Mach lines from the controls pass through 
the points of intersection of the wing-root chords and the wing trailing 
edges. The most outboard locations are such that the tip chords of the 
controls and of the wings are coincident, as shown in figure 2 for longi- 
tudinal controls. An examination of figure 5 reveals that in most cases 
controls located at the wing tips have higher (more negative) values 
of F 1 than do the same controls when located farther inboard. In the 
few cases for which this is not true (on wings having sweptback trailing 
edges, figs. 5(4) and 5(e) ), the advantages of slightly inboard locations 
are not large and it was therefore concluded that it would be sufficient 
in the present analysis to consider only controls located at the wing 
tips. It must be cautioned, however, that tip controls on wings with 
sweptback trailing edges will in some cases have considerably leBS effec- 
tiveness than controls located farther inboard, particularly In the tran- 
sonic speed range (ref. 7) • It should also be pointed out that, for 
some wing configurations, aeroelastic and viscous effects, which have 
not been considered in this analysis, might outweigh the advantages of 
tip location for the controls. 


Figure 6 presents the results of calculations made to determine the 
values of Cjg/A and Fj for a range of control plan forms located at 

tan Aito’ 

the tips of wings having various ratios of- - g . By use of the data 

presented in figure 6, it was possible to prepare the charts of figure 7 
which show the variation of the parameter Fj with control plan-form 

parameters for controls which produce various fixed amounts of rolling 


Cj 

moment. Values of = 0.0002, 0.000k, and 0.0006 were chosen as 


representative. As in figures 3, 5, and 6 the sketches at the right of 
the charts illustrate the hinge line and trailing-edge sweep angles in 
the accompanying charts when 3 is equal to 1.0 (M = f2) . It should be 
pointed out that, although tip chord was used to define control plan form 
in figures 5 and 6 for reasons of convenience in the necessary computa- 
tions, aspect ratio has been used in the analysis charts of figure 7 
because of its greater significance. 
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RESULTS AND DISCUSSION 


The discussion of the analysis charts for longitudinal and lateral 
controls (figs. 3 and 7) will each be divided into two parts. The first 
part of the discussion for longitudinal controls will deal with controls 
having maximum ratios of lift to hinge moment and the second part will 
deal with controls having maximum ratios of lift to deflection work. 

The division for lateral controls will be similar. 


Ratios of Lift to Hinge Moment 

General .- It will be noticed that little data are presented in 
figure 3 for low-aspect-ratio inboard. controls and for low-aspect-ratio 
midepan and tip controls on wings having sweptback trailing edges. ThiB 
lack of data results from the limiting Mach line locations which are 
shown in figure 2 and have been previously discussed. 

Effects of spanwise location . - From a comparison of the curves in 
the charts for the inboard position with those for the midspan position, 
it can be seen that in no case does an inboard control have a greater 
value of F l than does a midspan control having the same plan form. 

This result might be expected since inboard controls have been assumed 
to be located adjacent to reflection planes and any portion of the 
loading normally carried by the adjacent wing which is reflected back 
onto the control would Increase the hinge moment and probably result In 
lower values of L/H. It should be pointed out, however, that for high- 
aspect-ratio untapered controls and for inversely tappred controls having 
small root chords, the adverse effects of the reflection planes are not 
large ; 

In the charts for the midspan and tip-control positions, it will be 
noticed that, if values of 0Af less than 1.0 (which seem impractically 
small) are neglected, the maximum value of shown on each curve 

occurs at the maximum value of 0A f . From a comparison of the curves for 
the midspan and tip positions, it can be seen that values of Fj, at the 
maximum values of 0Af, on corresponding curves, are in all cases for 
the midspan position equal to or higher than those for the tip position. 

One other general group of controls which should be discussed is 
full-span controls. The loading of a full-span control having any 
particular shape would be obtained by assuming a reflection plane to be 
located adjacent to the root chord of a tip control having the same plan 
form and making a corresponding correction to the loading of the tip 
control. Since comparisons of inboard and midspan control positions 
have indicated that reflection planes, if having any effect, decrease 
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the values of l/h, full-span controls would be expected to have values 
of L/H equal to or less than those for tip controls. 

It thus appears that values of L/H for midspan controls will 
always be equal to or higher than those for similar controls at other 
locations. Consequently, the analysis for determining the plan forms 
of controls having max imum values of L/H will be limited to the con- 
sideration of controls located at midspan positions, ___ 

Untapered controls.- The charts for midspan controls show maximum 
values - of in most cases for untapered controls haying values of 

pA f equal to 8.0 (the upper limit of the calculations). The curves 

for untapered controls, if extended to higher aspect ratios, would be 
expected to show still higher values of F^"" because the lift has been 
fixed, and higher aspect-ratio controls would necessarily have smaller 
chords and, consequently-, smaller moment arms and hinge moments. It 
therefore appears that maximum values of L/H will be obtained by use 
of very high-aspect-ratio untapered controls. In practice, however, it 
will not in most cases be possible to obtain sufficient lift by use of 
extremely high-aspect-ratio controls. When the lift requirements are 
sufficiently high to require the use of moderate- and low-aspect-ratio 
controls, the data of figure 3 show that untapered controls will prob- 
ably not have maximum values of ... L/H. 

Tapered controls . - In the charts of figure 3> the maximum aspect 
ratios shown for tapered controls, represented by points farthest to 
the right, are the maximum aspect ratios possible for the particular 
combination of hinge line and trailing-edge sweep and consequently 
represent triangular control plan forms. ■ The only exceptions are the 
curves for a = 0.80 in figure 3(e) where the aspect ratio corre- _ 
sponding to triangular controls is beyond the range of the calculations. 


It should be pointed out, as previously mentioned, that in comparing 
controls having various hinge-line sweep angles to determine which sweep 
angle gives the maximum values of L/ E, comparisons must be made on the 


basis of 


cos Ag L 


rather than simply F L as plotted In figure 3- 


When 


a, that is 


tan A, 


BL 


, is equal to zero, cos A^ is equal to 1.0 and 


£ T 

t — is equal to Ft . With increases in the absolute value of a, 

cos %, . . f l 

however, cos Act decreases and : — Increases. Consequently, 

3 Tin cos Ajjl — 

comparisons on the basis of L/H must be made by shifting the curves 
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for finite values of a; down, the amount to depend on the value of a 

and Mach number since cos = = — . 

yi + 0 2 a 2 

The charts for the midspan control positions in figures 3(a) 
and 3(b) show that tapered controls having maximum values of L/H, for 
use on wings with sweptforward trailing edges, will have inversely 
tapered triangular plan forms with highly sweptforward hinge lines 
(a = -0.95). The data for the sweptforward trailing-edge case . 

(fig. 3(b)) can be used to illustrate the effect of the cos term 

in the parameter F^. It can be seen that the value of the parameter 
is greater for the untapered control (a = -0.40) having PAf = 8.0 than 
for the inversely tapered control having a = -0.95 and- 0Af =3-6. It 
can be shown by use of equation l(b), however, that at Mach numbers 
greater than 1.29 the effect of the cos A ffT| terms is such that the 

inversely tapered control has the higher value of L/H. 

Figure 3(c) shows that, for wings having unswept trailing edges, 
the plan forms of tapered controls having maximum values of L/H are 
triangular in shape and have highly swept hinge lines. The figure shows 
identical values of l/h for normally and inversely tapered controls. 

For wings having sweptback trailing edges, maximum values of L/H 
are shown for controls with triangular plan forms of normal taper. It 
will be interesting to note that ratios of L/H for the more desirable 
tapered and untapered controls located at the midspan position are not 
a great deal larger than ratios of l/h for controls having the same 
plan forms but located at the tip or inboard positions. 

Without knowing the wing geometry, the maximum control span which 
may be used, the Mach number, and the required value of Clq/A it is 

not possible to specify when tapered controls will have higher values 
of L/H than untapered controls . When these parameters are known, how- 
ever, it will be quite simple, by use of the charts of figure 3, to 
determine whether untapered or tapered controls will provide greater 
values of L/H. With the Insertion in equation (k) of the maximum con- 
trol span which may be used ^2bf/b) x and the required value of (Cls/A)i 
a value of 2bf/b corresponding to the lift-coefficient slope of fig- 
ure 3 = O.OOOlj will be obtained. The value of L/H, indicated by 

the appropriate chart of figure 3 for an untapered control having this 
value of 2bf/b, can then be compared with values of L/H for tapered 
controls having this span or smaller spans and smaller aspect ratios . 
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Ratios of Lift to Deflection Work 

✓ 

Effects of spanvise location . - In determining control locations for 
which ratios of lift to deflection work are maximum, the procedure is 
the same as in the case where hinge moment is the criterion. This is 
true because comparisons are made between controls of .constant shape and 
constant C^g/A, in which cases maximum values of correspond to 

maximum values of both L/H and L/w. The conclusions regarding control 
locations for maximum values of L/w would therefore be the same as those 
regarding control locations for maximum values of L/Hj that is, values 
of L/w for controls located in midspan positions will always be equal 
to or higher than values for similar controls at other locations. 


Effects of control plan form . - In determining control plan forms 
for maximum ratios of lift to deflection work, the use of the charts of 
figure 3 is considerably more simple than was the case in the analysis 

dealing with hinge moment because comparisons are made. on the basis of 

Ft 

Ft rather than - . 

cos 


All the charts for the midspan control position in figure 3 show 
maximum values of F L , and therefore maximum ratios of lift to deflec- 
tion work, for untapered controls with values of 3A f '= 8.0. Since 
values of L/w would increase with increasing values of |3Af, as dis- 
cussed in the section dealing with hinge moment, it is concluded that 
untapered controls of maximum aspect ratio will have maximum values 
of L/W. (it is of Interest to note that this conclusion is similar to 
a result obtained in the analysis for the incompressible case of refer- 
ence 2 wherein it Is stated that flaps should be of almost constant 
chord and should be as long and narrow as compatible with structural 
and other design considerations It must be remembered, however, that 
values of 3Af above 8.0 would correspond to impractically high aspect 
ratios at relatively low supersonic Mach numbers. 


It might be well to note that the advantages of untapered controls 
over tapered controls decrease as the wing trailing-edge sweep (either 
sweepforward or sweepback) is increased. Also, the effects of control 
location are relatively Bmall for the high-aspect-ratio untapered 
controls . 


Effects of control size.- The effect of control size on the value 
of L/W - can be readily determined from equation (6). For a given amount 
of required lift and a given control shape, control lift-coefficient 
slopes are inversely proportional to control deflection, and equation (6) 
can be rewritten: 
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( 6 a) 


It can be seen from equation 6 (a) that the ratio of lift to deflection 
work for controls of similar shape is proportional, to the square root 
of lift-coefficient slope; also to the square root of control area 
since C^g is directly proportional to control area. 


Ratios of Rolling Moment to Hinge Moment 


Effects of control size .- From a comparison of the charts for the 
three -values of Cjg/A, it will be seen that the ratios of rolling 

moment to hinge moment increase with decreasing values of Cjg/A and, 

consequently, with decreasing control size. This iB a logical result 
because the ratio of rolling moment to hinge moment is essentially a 
ratio of moment arms, and the ratio of moment arms increases as the size 
of a control of given shape decreases. This result is significant 
because it indicates that control hinge moments can be appreciably 
reduced by using smaller controls and larger deflections. 


Untapered controls . -' The curves for untapered controls in figure 7 
show that the rate of increase in F^ with control aspect ratio 
increases quite rapidly as the value of Cjg/A decreases with the 


consequence that high-aspect-ratio untapered controls compare favorably 

Cl 5 

with the tapered controls at — — = 0.0002. ThiB trend appears to 


Indicate that untapered controls will have higher ratios of rolling 
moment to hinge moment than tapered controls when the rolling require- 
ments are sufficiently low Rvalues of C^g/A somewhat less than 0.0002^ 


The aspect ratios at which maximum values of L'/H occur for 


'*8 


= 0.0002 are beyond the range of the calcu 


untapered controls with 

lations. For — 2 = 0.0004 and 0.000 6 , however, untapered controls 
A 


having maximum values of L' /H are shown to have spans roughly between 
60 and 80 percent of the semispan of wings having unswept and sweptback 
trailing edges, regardless of the value of 3Af. Controls having spans 
between 60 and 80 percent of the wing semispan are also shown to have 
maximum values of L'/H on wings having sweptforward trailing edges if 
values of |3Af less than 4 are neglected. It thus appears that span is 
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the important parameter for defining the plan ; forms of "untapered controls 
having maximum values of L'/H, except possibly for wings having swept- 
forward trailing edges. - h.! 


The indication that span is the important parameter can he somewhat 
substantiated by means of plane geometry if it is assumed that the con- 
trols are uniformly loaded and that no loads'are carried on the wing 
(making it possible to work with simple area moments). It can be shown_ 
that, for any arbitrary rolling moment, the ratio of rolling moment to 
hinge moment for a control located at the wing tip increases with control 
span until it reaches a maximum value when the control span is two-thirds 
of the wing semispan. It seems logical that this type 'Of analysis would 
be applicable, except for low-aspect-ratio controls or low Mach numbers 
In which cases the conical -flow regions are quite large and cannot be 
neglected. 

Tapered controls — sweptforward trailing edges .- Figures 7(a) 
and 7(b) show that on wings having sweptforward trailing edges, inversely 
tapered controls having triangular plan forms, and highly sweptforward 
hinge lines (a = -0.95) will in practically all cases phovide maximum 
values of L 1 /H . 


for 


Tapered controls — trailing edges unswept . - The data in the chart 


_ 


A 


= 0.0002 in figure 7(c) show considerably greater values of F j 


for high-aspect -ratio untapered controls than for the tapered controls 
(a = ±0.6). At Mach numbers greater than 1.91, however, the normally 
and inversely tapered triangular controls both have higher ratios of 
rolling moment to hinge moment than does the '^ntapered control of 
0.65b/2 span (see eq,. 1(b)). On the basis of figure 7(c), it would be 
expected that triangular plan. forms having” absolute values of a greater 
than 0.6 would have higher values of L'/H than untapered controls of 
0 . 65b/2 span at Mach numbers considerably less than 1.91. It is there- 

c l R 

fore concluded that for — — = 0.0002 and at moderate and high Mach 

A 

numbers, maximum values of L'/H will be obtained by use of triangular 
plan forms and highly swept hinge lines. Although normally tapered 
triangular plan forms have somewhat higher values of L I/'S. than do 
Inversely tapered triangular plan forms, it is probable that , because 
of structural considerations of the supporting wings, the inversely 
tapered controls will be more practical when ±he hinge lines are highly 


swept. The data in the charts for 


^ = 0.0004 and 0 . 0006 , although 


showing very little difference in values of F^ for controls having 
hinge lines sweptforward and sweptback (a = 0.6 and -0.6), indicate 
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maximum values of L'/H for inversely tapered controls having triangular 
plan forms and highly sweptforward hinge lines. 


Tapered controls, trailing edges swept hack .- For wings having 
sweptback trailing edges, figures 7(1) and 7(e ) , in general, show maxi- 
mum values of L' /H for normally tapered controls (a = 0.8). Since the 
effects of normal taper on the area distribution of controls is such that 
reduced values of L'/lI would be ordinarily expected, it seems probable 
that the advantage of normally tapered controls results from their larger 
regions of conical flow. The importance of such regions can be Burmised 

C Zg 

from the charts for — = 0.0004 and 0 . 0006 , where optimum values of 

PAf are near the minimum values shown on the curves. (The minimum 
values shown on these curves, as throughout figure 7 > are near the values 
at which the Mach cones from the inboard-control parting lines intersect 
the control tips, corresponding to comparatively large regions of conical 
flow.) Going from minimum to maximum values of pAf, the charts for 
C z „ 

= 0.0002 show that values of L 1 /H for normally tapered controls 

first increase to maximum values and then decrease. Because the areas 
of the conical-flow regions decrease consistently with increasing con- 
trol aspect ratio, there is evidently some parameter more important than 
the areas of the conical-flow regions which causes values of L'/ H to 
increase as values of pA-p are increased. This parameter is probably 

control-area distribution because it has been shown for untapered con- 
trols that increased values of L'/H can be obtained by increasing the 
aspect ratios and spans of controls having spans of less than about two- 
thirds of the wing semispan. Figures Y ( d.) and 7(e), therefore, appear 
to indicate that plan forms of tapered controls on wings having swept- 
back trailing edges, for which maximum values of L'/H exist, are 
dependent on the interrelated parameters, control-area distribution and 
conical-flow area, and cannot be generally spcified. 

As a matter of practical interest, it should be mentioned that dif- 
ferences between the hinge-line (a = 0.8) and trailing-edge sweep angles 
corresponding to the Mach number range between 1.3 and 2.5 are roughly 
between 15 ° and 19 ° in figures 7(d) and between 7° and 8° in figure 7(e). 
These differential angles are sizeable, and it is probable that on wings 
having relatively small differences between the leading and trailing-edge 
sweep angles, smaller differences will be of more practical interest. If 
somewhat smaller differences are considered, corresponding to values of a 

tan Ajjig 


which are nearer to values of 


3 


figures 7(<l) and 7(e) indicate 


that advantages of tapered controls over untapered controls will, in 

C *5 


general, be relatively small and at values of 
ably be nonexistent. 


= 0.0002 will prob- 
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Ratios of Rolling Moment to Deflection Work. 

In using the charts of figure 7 to determine the plan forms of 
controls having maximum ratios of rolling moment to deflection work at 
a given value of C^g/A, the various curves are compared directly (on 

the basis of F}).. For controls having different values of C^g/A, 
however, maximum values of F^ will not necessarily correspond to maxi- 
mum values of L'/w (since different control deflections will be required 
to produce a fixed rolling moment) and comparisons of such controls must 
therefore be made on the basis of values of F^/Sp rather than F^. 


Effects of control plan form. - With the exception of figure 7 {&), 


all the data for 


C l§ _ 

A 


0.0002 


in figure 7 show maximum values of L'/w 


for high-aspect-ratio untapered controls. In figure 7_fa)> higher values 
of L'/W are shown for inversely tapered triangular controls with highly 
swept hinge lines. The data for the three values of Cjg/A in fig- 
ure 7 (a) appear to Indicate, however, that high-aspect-ratio untapered 
control plan forms will have maximum values of L'/w at values of C^g/A 


somewhat less than 0.0002. It might therefore be concluded that for 
sufficiently small controls, maximum values of L'/w will in all cases 
be obtained by use of high-aspect-ratio untapered plan forms. The spans 
of untapered controls for maximum values of L '/W, as discussed for maxi- 
mum values of L'/H, would probably be of the order of:. two -thirds of the 
wing semispan. 


For controls having values of 



O.OOOh and 0.0006, the data 


of figures 7 (a) and 7 (h) for wings with sweptforward trailing edges show 
maximum values of L'/w for inversely tapered controls having triangular 
- plan forms. For wings having unswept trailing edges, the effects of plan 
form on values of L'/w are shown in figure .7(c) to be relatively small. 
Untapered controls with spans of about two-thirds of the wing semi spans, 
however, are shown to have values of L'/W which are _equal to or greater 
than those for other control plan forms. Figures 7(d) and 7(e) show maxi- 
mum values of L’/w on wings having sweptback trailing edges for normally 
tapered controls with values of pAf between 3 and 5 . As mentioned in 
the analysis dealing with hinge moments, the differences between hinge- 
line and trailing-edge sweep angles for the normally tapered controls of 
figures 7 (d) and 7 (e) will for many applications be impracticably high} 

tan A,™ 

and for controls having values of a near values of - — ^ , which are 

probably of more practical interest, the data indicate that values of 
L'/w would be little if any higher than those for untapered controls 
with spans of about two-thirds of the wing semispan. _ 
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For purposes of comparison, it is of interest at -this point to note 
the results obtained in the analysis of plan form for the incompressible 
case (ref. 2). These results are: The shape of ailerons for minimum 
deflection work is of maximum width near the wing tip and has a slight 
convex curvature as it tapers to zero chord at the center of the wing 
(somewhat similar to the sweptforward trailing-edge case of the present 
analysis). Partial span ailerons should be sections of these shapes 
and should include the regions of maximum chord. The ailerons should 
be as long and narrow as compatible with structural and other design 
considerations. 


Effects of control size .- In using the data for the different values 
of C; 5/ / A in figure 7 to determine effects of control size on the value 

of L'/w, it was necessary to use a fixed value of C^/A as a basis for 

c l 

comparison because of the S term in Fj. A value of -r- = 0.0006 was 

1 A 

arbitrarily chosen for which values of &]_ = 3> 1~, and 1 are required, 

respectively, for controls with values of — 2. = 0.0002, 0.000k, and 

A 


and 0.0006. The comparisons were then made by dividing values of F^ 

from the various charts by corresponding values of 5. Results of the 
comparisons for control plan forms previously discussed as having higher 
values of L'/w are presented in the following table: 


Figure 

"tan -Ajjrg 
p 

a 

PA f 

2b f 

b 

lil at C 2l: 
2 W A 

0.0002 

0.000k 

0.0006 

7(a) 

- 0.60 

- 0.95 

5.7 

varied 

11.3 

13.2 

13.6 

7(b) 

-.to 

-.95 

3.6 

varied 

8.8 

10.7 

11.3 

7(c) 

0 

0 

varied 

O .65 

8.0 

8.0 

8.2 

7(d) 

.to 

.to 

varied 

.60 

9.1 

8.8 

8.9 

7(e) 

.60 

. 60 

varied 

.65 

— 

10.9 

10.6 


The data in the above table show that for wings having sweptforward 
trailing edges, there are appreciable increases in values L'/V7 with 
increasing size of inversely tapered controls. For wings having unswept 
and sweptback trailing edges, little effect of the size of untapered 
controls on values of L'/W is shown. It would thus appear, especially 
when the relieving effect of hinge moments due to rolling are considered, 
that larger controls would in most cases have somewhat higher ratios of 
rolling moment to deflection work than would smaller controls. 


I^EIDENTIAL; 
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VARIATIONS WITH MACH NUMBER OF THE - CHARACTERISTICS OF 
EXAMPLE LATERAL CONTROL CONFIGURATIONS 
Conditions 


Specifications . - It is very difficult from the Analysis charts of~ 
figure 7 to visualize the characteristics of lateral control surfaces 
on aircraft operating over a speed range. In order to illustrate the 
variation with Mach number of the characteristics of some of the control 
plan forms which have been shown to be desirable, some example calcula- 
tions have been made. The specifications used for the calculations are 
as follows: Wings having spans of 38 feet are to.be equipped with 

aileron controls capable of producing rolling rates of 3.0 radians per 
second while operating at Mach numbers up to 2.25 at altitudes of 
40,000 feet. Wings are to have trailing-edge sweep angles of -20°, 0°, 
and 35° with other plan- form variables unspecified. Combined deflec- 
tions of ailerons on opposite wing panels are not to exceed 30 °. 

Determining values of Cjg/A required.- In figure 8 are presented, 

as a function of Mach number, wing-tip helix angles pb/2V corresponding 
to the above specified conditions of wing span, rate of roll, and alti- 
tude. In order to determine the rolling moments required to produce 
these wing-tip helix angles, it is necessary to know the wing damping- - 
moment coefficients. Figure '9 presents the theoretical damping-moment 
coefficients for a broad range of wing plan forms and Tfech numbers 
obtained by use of charts presented in references 4 and 8. In order to 
calculate the required rolling moments without fixing wing plan forms, 
it was necessary to make the simplifying assumption that damping-moment 
coefficients do not change with Mach number; and figure 10 has been 
prepared for the purpose of examining such. an assumption. Figure 10 
shows that damping coefficients of highly swept wings ^are relatively 
independent of Mach number and that damping- coefficients of high-aspect- 
ratio wings are influenced to a. greater extent by Mach number than the 
damping coefficients of low-aspect-ratio wings. From figure 10 it can 
be seen that results obtained in the present paper by assuming fixed 
damping-moment coefficients will be directly applicable to moderate and 
low-aspect-ratio wings having highly swept leading edges. 

Rolling-moment coefficients corresponding to the wing-tip helix 

angle of figure 8 and to fixed damping-moment coefficients which were , 

considered to be representative, on the basis of figure 9, are presented 
in figure 11. To determine rdUing-moment-coeffIcient_ slopes corre- 
sponding to the values of Cj/A presented in figure 11, it is only 
necessary to divide the values of Cj/A by 30°. To provide a more 
practical example, however, some consideration should t>e given to the 
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effects of wing thickness, nonlinearities of control effectiveness with 
control deflection, and wing flexibility, which are known to result in 
actual values of control effectiveness which are considerably less than 
theoretical. It was shown by the illustrative example of reference 1 
that, when an approximate thickness correction was applied, the effec- 
tiveness of a control on a 5-Percent-thick wing was reduced to about 
80 percent of that predicted by theory. On the basis of this example, 
and making an arbitrary allowance for nonlinearities, it was ass ume d 
that the effectiveness of controls on rigid wings would be 60 percent 
of that predicted by theory. It was further assumed, quite arbitrarily, 
that the effectiveness of controls on flexible wings would be 60 percent 
of that for controls on rigid wings and, consequently, 36 percent of 
theoretical. Estimated values of C^g/A necessary to produce the 
required values of Cj/A (fig. 11) were obtained by use of the preceding 
assumptions and are presented in figure 12. 


Control plan forms . - Rolling-moment-coefficient slopes and ratios 
of rolling moment to hinge moment were calculated through a Mach number 
range for several control plan forms on wings having trailing-edge sweep 
angles of -20°, 0°, and 35° and having damping -moment coefficients -C^p/A 

of 0.08 (chosen as a mean value from fig. 9 )- For each configuration, 
calculations were made for untapered control plan forms having spans of 
approximately 50, 65, and 80 percent of the wing semispan and for tapered 
control plan forms having various hinge-line sweep angles. Calculations 
of L'/H ■ were also made for representative control plan forms on wings 
having unswept trailing edges and having damping coefficients -Cjp/A 

of 0 . 03 , 0 . 08 , and 0 . 14 . Results of the latter calculations were also 
used to illustrate the effects of control plan form and size on ratios 
of rolling moment to deflection work. 


" Results of L'/h Computations 

As can be seen in the charts for Cj^/A of figure 13 , all of- the 

control plan forms, for which results are presented, provide rolling 
moments equal to or greater than those which were estimated to be neces- 
sary to meet the required specifications (fig. 12). 

Untapered controls . - Maximum values of L ' /E for untapered controls 
are shown in figure *13 for controls having spans of about 65 percent of 
the wing semispan except at low Mach numbers on wings having trailing 
edge sweep angles of - 20 °. In this case, the control having a span of 
50 percent of the wing semispan provides slightly higher values of L'/S. 
These results illustrate the previously discussed conclusion that 
untapered control plan forms for maximum values of L'/H have spans of 
about 2/3 of the wing semispan except in cases of low control aspect 
ratios or low Mach numbers. It might be well to point out that the 

jgjSSKS^ 
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advantage of the ^/^-j-span flaps over the l/2 and ^(^)-span flaps is 


3\2 


5V2. 


Id) 


or greater 


small. If compared with flaps having spans, of less, than 

than j however, the advantage of the -span flaps would be expected 
to be greater. 


It will be' noticed in figure 13 that the values pf L'/H for 
untapered controls increase as the controls are swept either forward or 
back. This result is probably due to the fact that the center of loading 
of the control, which remains near the same chordwise location regardless 
of sweep, is nearer the hinge line when the control is swept than when it 
is unswept. The ..above speculation can be somewhat substantiated because 
it can be shown that, by dividing the values of L'/H shown for the 
unswept -case by appropriate cos terms, values of L'/H for the 

swept controls can be roughly approximated. ’ Thus the values of L'/H 
for the sweptback trailing edge are greater ; than those for the swept- 
forward trailing edge principally because of the greater sweep rather 
than the direction of sweep. 

Tapered controls . - For wings having tralling-edge sweep angles 
of -20° and 0° (fig. 13), consistent increases in the values of L'/H 
with Ajjl are shown at any given Mach number. At the maximum design 
Mach number of 2.25, inversely tapered . controls having hinge lines swept- 
forward 60° provide values of L'/H roughly 50 percent greater than 

2bf , 

those shown for untapered controls with — - = 0.65. At lower- Mach 

b 

numbers, a still greater advantage is shown for the inversely tapered 
controls. Simply stated, this means that the inversely tapered controls 
require at most only about two-thirds of the hinge moment required by 
untapered controls to produce the required rolling moments. * 

For wings having sweptback trailing edges, the tapered-control plan 
forms which are shown in figure 13 were chosen by fixing tie hinge-line 
sweep angles at 40° and ^5° (believed to be practical_values for 
Aijg = 35°) and using figure 7 to estimate the more desirable aspect 
ratios. Results presented in figure 13 show that ratios of L'/h for 
the tapered controls are somewhat greater than for untapered controls ... 
at the lower Mach numbers but slightly less "at the higher Mach numbers. 
Figure 13 indicates that greater values of L'/H could probably be 
obtained to substantially high Mach numbers"' with tapered controls if a 
considerably greater amount of hinge-line sweep were used. Aside from 
being structurally impractical, it would appear from figure 13 that such 
controls would have an extremely high rate ^of decrease in the values 
of L'/H with Mach number. 
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Effect of varying damping coefficients . - Because figure 7 indicates 
that control plan forms for maximum values of L'/H vary somewhat with 
the amount of rolling moment required, rolling moment and ratio of 
rolling moment to hinge moment have been calculated for example con- 
trols on wings having unswept trailing edges and having damping-moment 
coefficients -Cjp/A of 0.03, 0.08, and 0.14. For each damping -moment 

coefficient, calculations were made for untapered controls having spans 
of approximately 65 percent of the wing semi span and for inversely 
tapered triangular controls having hinge lines swept forward 60°. Results 
of these calculations are presented in figure 14-. 

» 

It will be noted in figure 1^ that data are presented for inversely 
tapered triangular controls at Mach numbers for which the hinge lines 
are swept behind the Mach lines (indicated by dashed lines). These data 
were obtained by use of equations presented in reference 3 and are of 
particular interest because they show that this type of control, which* 
has been shown to have high values of L' /H at the higher Mach numbers, 
produces statisfactory rolling moments and increasing values of L’/H 
as the Mach number is decreased. 

It can be seen in figure Ik that the ratios of rolling moment to 
hinge moment increase very rapidly as control size (with constant Bpan 
for untapered controls) is decreased. This illustrates, as did fig- 
ure 7 , the advantage of using small controls and maximum practical 
deflections . 


Figure 14 also shows that the advantage of the inversely tapered 
control over the untapered control decreases Bteadily with decreasing 
rolling-moment requirements until, for rolling moments corresponding to 



= 0 . 03 } the untapered control has a higher value of 


L'/E 


at a 


Mach number of 2.25. It might be pointed out, however, that the untap ered 
control in this case has the very high, and perhaps somewhat impractical, 
aspect ratio of 1 6 . 5 . 


Results of L'/w Computations 

In order to illustrate some effects of control plan form and size 
on the ratios of rolling moment to deflection work, sample calculations 
were made for the controls shown in figure l4. It was assumed for the 
calculations that the rolling requirements of the controls were the same 
as in the previous examples and that the wing damping-moment coeffi- 
cient -Ci^jA was 0.03. The upper chart of figure 15 presents the 

theoretical rolling-moment requirements for an assumed practical control 
effectiveness 36 percent of theoretical. (it should be mentioned that 
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the deflections necessary to produce the required rolling moments vary 
considerably with Mach number, as well as with control "size, because of 
varying values of Cjg/A.) The lower chart of figure 15 presents the 
ratios of rolling moment to deflection work required to produce this 
rolling moment. - - 

The data of figure 15 for the untapered, controls Illustrate the 
previously discussed conclusion regarding the' effect of! control size; 
that is, for controls having spans of about two-thirds of the wing 
semispan, ratios of rolling moment to deflection work are not appreci- 
ably influenced by control size. In consideration of Hinge moments due 
to rolling, however, it is probable that maximum values of L’/VJ will 
in practice be obtained by use of the larger controls. 

The data of figure 15 for the inversely tapered controls show 
sizeable increases in values of L’/w with control size. Similar 
results for this type of control on wings having sweptforward trailing 
edges, as previously mentioned, were indicated by the analysis charts. 


SUMMARY OF RESULTS 


Theoretical analyses have been made to determine the plan forms of 
unbalanced trailing-edge flap-type controls having minimum hinge moments 
due to deflection and requiring minimum work to overcome the hinge 
moments due to deflection at supersonic speeds. Ratios of lift and 
rolling moment to hinge moment and ratios of lift and rolling moment to 
deflection work at fixed values of lift-and rolling effectiveness were 
used as bases for the analyses. Hinge moments due to angle of attack, 
damping in pitch and rolling, which are dependent on wing plan form and 
to varying degrees on complete aircraft configuration, "have not been 
included in the present analyses and' will have to be taken into account 
in applying results of these analyses to any particular wing. 

Results of the analyses are summarized in table I "and are as follow: 

For longitudinal controls, maximum ratios of lift to hinge moment 
(l/h) are obtained with untapered controls of maximum aspect ratio. In 
practice it will in many cases not be possible to obtain sufficient lift 
with high-aspect-ratio controls; and when moderate and low-aspect-ratio 
controls must be used, controls with triangular plan forms and highly 
swept hinge lines will have higher values of L/H than untapered con- 
trols. The plan forms of triangular controls ^having maximum values 
of L/H are inversely tapered for wings with sweptforward trailing edges 
and are normally tapered for wings with sweptback trailing edges. ,0n 
wings with unswept trailing edges, direction of hinge-line sweep is of 
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little importance. For control plan forms having maximum values of L/H, 
control location is of little importance. 

Maximum ratios of lift to deflection work are shown for untapered 
controls of high aspfect ratio. In contrast with the results regarding 
hinge moment, untapered controls require less deflection work than 
tapered controls when the lift requirements are such that controls of 
moderate, and in some cases low, aspect ratio must he used. 

For any given control shape the analysis for lateral controls 
illustrates the importance of using small controls with high deflections 
in obtaining maximum ratios of rolling moment to hinge moment (L'/h). 
Control plan form, although secondary to control size, is also shown to 
be quite important. For wings having sweptforward or unswept trailing 
edges, inversely tapered controls having triangular plan forms and highly 
sweptforward hinge lines are shown to have maximum values of L' /H. For 
wings having sweptback trailing edges, control plan forms for maximum 
values of L'/h are dependent on the particular requirements and cannot 
be generally specified. Results indicate, however, that for such wings, 
little can be gained in practice by tapering the control. The spans of 
untapered controls having maximum values of L'/h are shown in most 
cases to be of the order of two-thirds of the wing semispan. 

When the rolling requirements are low enough to permit the use of 
very small controls, maximum ratios of rolling moment to deflection 
work (L'/w) are in all cases indicated for untapered controls of high 
aspect ratio. When more conventional control sizes are necessary, 
maximum values of L'/w on wings with sweptforward trailing edges are 
shown for inversely tapered controls with triangular plan forms. On 
wings with unswept and sweptback trailing edges, effects of hinge-line 
sweep are not of especial importance; and considering the more practical 
configurations, untapered controls with spans of about two-thirds of the 
wing semispan are indicated to have near maximum values of L'/w. Effects 
of control size on values of L’/w for these untapered controls are shown 
to be negligible. For the inversely tapered controls on wings with swept- 
forward trailing edges, however, values of L'/W are shown to Increase 
appreciably with control size. Since hinge moments due to rolling 
increase with control size, it would thus appear that large controls 
would in most cases require less deflection work than smaller controls. 

Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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TABU I.- BUI FORMS OF CONTROLS GEWRaLLT SHCMI TO RAYS HAIIMW RATIOS OF LIFT AHD JULLUG Ma«T TAJ Him® JiCMUff 
DUE TO DEFLECTION AND RAX! MUM RATIOS Of LIFT AND ROLLIWI HUWfT TO YTORJC KEqyiKID TO OVERCOME THE HIKE 

nowirs due to oeflectick. (for hors complete descriptions su $u»mahi of results.) 
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o. inverse ly taperod triangular oontrol plan form , highly eweptforwari bingo lino. 

0. normally tapered triangular oontrol plan form , hlgily sseptback hinge line, 
d. Normally tapered oontrol clan foils. 

0. High-aspoot-ratio untapered oontrol plan Torra, — £ x i . . 
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1 . Tip controls ehornn in soma oases have less rolling offeotlvenssa than similar controls located further Inboard. 

2 . L/ff maximum for plan- form b whan wing trailing edge is highly aweptforward and low-aapoot-ratio control is inquired. 

3 - L/W maximum for plan form d whon wing trailing edge ie higily swepthaok and moderate or low-aopeot-ratlo oontrol ie required. 

4 . Plan rorm d will for eome oonditlone of Kaoh number and tralllng-edgo sweep have higher values of L'/ft. 

5. 1/W maximal for plan fora t when wing trailing edge la highly sweptforward . 

6. Plan form d will for some conditions of Mach number and tralllng-edge sweep hivo higher values of L'/W. 
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Figure 1„- Illustration of regions in lfliich loading, iB influenced by the 
deflection, of trailing-edge controls at supersonic speeds. 
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Figure 2.- Illustration of limiting Mach line locations for various u> 

positions of longitudinal control surfaces. H 
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Figure 3.- Variations vith control plan form and location of the 


parameter 
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Figure 4.- Ratio of hinge moment due to steady rolling to hinge moment 
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wing (rolling moment produced hy control assumed equal to wing 
damping moment). 
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6. - Continued. 
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Figure 7-- Variations with plan form of the values of F^ for controls 
located at wing tips and having values of = 0.0002, 0.0004, and 
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Figure 8.- Wing-tip helix angles corresponding to rolling rates of 

3 radians per second for wings having spans of 38 feet and operating 
at an altitude of 40,000 feet. 
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Figure 9.- Theoretical damping-moment coefficients for a range of wing 

plan forms and Mach numbers. 
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Figure 11.- Rolling-moment coefficients required to produce rolling rates 
of 3 radians per second for wings having spans of 38 feet and operating 
at an altitude of 40,000 feet. 



Figure 12.- Estimated theoretical rolling-moment-coefficient slopes 
corresponding to rolling-moment coefficients presented in figure 11 

considering practical effectiveness of control © 

of theoretical. 
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Figure 14.- Rolling-moment and hinge -moment parameters of various control 
plan forms on wings having unsvept trailing edges and having damping 
C7 

coefficients — = 0.03, 0 . 08 , and 0.14. 
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Figure 15. - Required rolling mom 
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